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Poly(3,4-ethylenedioxythiophene) and 

Its Derivatives: Past, Present, and Future** 

By L. "Bert" Groenendaal,* Friedrich Jonas, Dieter Freitag, 
Harald Pielartzik, and John R. Reynolds 

An overview of one of the most successful conducting polymers, poly(3»4-cthylertedioxythiophene) (PEDT) and its deriva- 
tives, is presented, detailing its early development, the synthesis of numerous hybrid and derivative materials, along with a de- 
scription of the broad array of properties accessible and a description of a set of the more prominent applications in which 
they can be utilized. Synthetic flexibility and facility is the key to the many new 3,4-ethyicnedioxythiophene- (EDT-) based 
monomers, oligomers, and (copolymers. These (co)polymers provide highly conducting and especially stable doped states, a 
range of optical properties with electronic bandgaps varying across the entire visible spectrum, and enhanced redox proper- 
tics, making them useful for numerous electrochemical devices. Present and future applications for PEDT that are discussed 
include static charge dissipation films and electrode materials in solid electrolyte capacitors. 

Dedicated to Prof. H.-J. Rosenkranz on the occasion of his 60th birthday 

1. Introduction 



Since Shirakawa et ai.' 1 * discovered that polyacetylene 
can reach extremely high electrical conductivities, the field 
of conducting polymers, which are often referred to as syn- 
thetic metals, lias attracted the interest of thousands of 
scientists^ 21 Much of the combined research efforts of indus- 
trial, academic, and government researchers have been di- 
rected toward developing materials that are application 
stable in the conducting state, easily processable, and rela- 
tively simple to produce at low cost. With the many difficul- 
ties encountered in accomplishing these goals, only recently, 
companies have been able to bring products to the market. 

Of the many interesting conducting polymers that have 
been developed over the past 25 years, those based on 
polyanilines, polypyrroles, polythiophencs. polyphcnylenes, 
and poly(p-phcnylcnc vinylene)s have attracted the most 
attention.^' Of these, the polyanilinc family stands out for 
its ability to form processable conductive forms at relative- 
ly low cost and in bulk amounts.** 1 Unfortunately, due to 
the possible presence of benzidine moieties in the polymer 
backbone, which might yield toxic (carcinogenic) products 
upon degradation.^ numerous industrial and academic 



groups have limited their research in polyaniline chemistry. 
While the (hetero) aromatic polypyrrole and polythio- 
phene, as well as poly(^-phenylene vinylene), are possibly 
more environmentally "friendly" systems, they have the 
disadvantage of being insoluble and infusible. In order to 
overcome these problems, numerous substituted deriva- 
tives of these polymers have been developed that carry al- 
kyl, alkosy, and other substituents along their back- 
bones.^ 51 By controlling main-chain architecture (e.g., 
rcgioxegularity^' 71 ) and pendant group chemistry (e.g., 
water-soluble sulfonates 1 **'^), a broad variety of properties 
were made available from the parent systems. Although 
these side-chains provide a level of control of both the 
physical and electronic properties, often the ultimate acces- 
sible electronic properties were degraded relative to the 
parent. 

During the second half of the 1980s, scientists at the 
Bayer AG research laboratories in Germany developed a 
new polythiophene derivative, poly(3,4~ethylenedioxyihio- 
phene), having the backbone structure shown below. [9] 
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PEDT 

This polymer, often abbreviated as PEDT or PEDOT, 
was initially developed to give a soluble conducting poly- 
mer that lacked the presence of undesired a./?- and ^-cou- 
plings within the polymer backbone. Prepared using stan- 
dard oxidative chemical or electrochemical polymerization 
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methods, PEDT was initially found to be an insoluble poly- 
mer, yet exhibited some very interesting properties. In ad- 
dition lo a very high conductivity (ca. 300 S/cm), PEDT 
was found to be almost transparent in thin, oxidized films 
and showed a very high stability in the oxidized stated* 10 * 
The solubility problem was subsequently circumvented by 
using a water-soluble polyelectrolyte, poIy(styrene sulfonic 
acid) (PSS), as the charge-balancing dopant during poly- 
merization to yield PEDT/PSS. This combination resulted 
in a water-soluble polyelectrolyte system with good fiim- 



fonning properties, high conductivity (ca. 10 S/cm), high 
visible light iransmissivity, and excellent stability.' 111 Films 
of PEDT/PSS can be heated in air at 100 °C for over 1000 h 
with only a minimal change in conductivity. With this new 
system, now known under its commercial name BAY- 
TRON P (P stands for polymer), Bayer researchers have 
been able to develop several applications. Although initi- 
ally used as an antistatic coating in photographic films from 
AGFA, several new applications have been implemented 
over the past few years (e.g., electrode material in capaci- 
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tors, material for through-hole plating of printed circuit 
boards), and more are expected J 1 u2 ^ 

Driven by the properties and utility of PEDT/PSS, a 
number of research groups have entered the area of PEDT 
chemistry over the past decade. The latter has resulted in 
an exponential increase in the number of patents (ca. 70) 
and journal publications (ca. 180; see Fig. 1). Thi9 expand- 
ing interest is indicative of new materials, processes, de- 
vices, 'and in-placc industrial applications. In this review, we 
focus on three aspects of PEDT chemistry. First, an over- 
view will be given of the synthesis and characterization of 
EDT, PEDT, and numerous derivatives that have been re- 
ported. Subsequently, the properties (electrical, optical, 
electrochemical, etc.) of these systems will be discussed, 
bringing out some of the unique aspects that make this 
polymer especially useful. Finally, the presently industrially 
implemented and other applications under investigation of 
PEDT derivatives will be detailed. Since the field of PEDT 
chemistry is relatively young, this review will be accompa- 
nied by a relatively comprehensive list of patents and publi- 
cations that have appeared over the past decade. We apolo- 
gize in advance for any omissions we have made. 



2. EDT and PEDT Synthesis and 
Characterization 

IX 3,4-EthylcncdioxythJophcnc and Related, Substituted 
Derivatives 

Although several routes towards EDT (5) are possible, 
Jonas et al. developed a synthetic strategy, shown in 
Scheme 1, starting from thiodiglycolic acid, based on the 
synthesis of 3,4-ethylenedioxythiophene-2,S-dicarboxylic 
acid (4) reported by Gogtc ct al/ 131 Subsequent decarboxy- 
lation using a copper sale led to EDT in five steps. p,1 * ) EDT 
has a boiling point of 225 °C (1013 mbar) and slowly turns 
dark upon exposure to air and light due to partial oxida- 
tion. Bayer AG now produces EDT on a multi-ton scale, 
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Scheme 1. Syniheii* of EDT (R. R' ** Me or Et). 





Alky)-CH,(EDT«CI;fi) 
CjHjj (EDT-C6; 7) 
C a H n (6Dl-CS;9) 
CuH^CEDT-ClOift) 
C U H W (EDT-C14;101 



and offers it commercially under its trade name BAY- 
TRON M (M stands for monomer). 

Capitalizing on the EDT core, a number of derivatives 
have been synthesized by various research groups. In 1992 
Heywang and Jonas reported the synthesis of alkyl-substi- 
tuted EDT derivatives EDT-C1 (6). EDT-C6 (7), and 
EDT-C10 (8) M It should be noted that, using the same 
five-step strategy as described for EDT in Scheme 1, using 
1.2-dibromoalkanes, as opposed to 1,2-dichloroeihane, 
leads to relatively low overall yields in the Williamson 
ether step due to the use of a secondary bromide. In addi- 
tion, the yields of the hydrolysis and decarboxylation steps 
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Fig. 1. Development of the number of jour- 
nal publications on PEDT over ihc post 
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drastically decrease with increasing alkyi chain length as a 
result of the increasing lipophilicity of the molecules. Fol- 
lowing this, Reynolds and co-workers reported on similar 
alkylated EDT derivatives (EDT-C8 (9) and EDT-C14 
(10))t |516 l as well as the phenyl-substituted derivative EDT- 
C*H,(11)J 17 1 

Extending the pioneering work of Blohm et aU (,R1 Ng et 
al. attempted the synthesis of the hydroxymethylated EDT 
derivative 12. 1101 As shown in Scheme 2. reaction of epichlor- 
ohydrin with the dihydroxythiophene derivative 2 yielded a 
mixture of two isomers, including 12 and the hydroxylatcd 
3,4-propylcncdioxythiophcnc (ProDT) system 13. 



\ / 3)HCI \ ? O v C 



s 

12 



13 



Scheme 2. Symhexw of hyiimxyrnelhyliAed 3,4-ethylenedioxyihiophene 
(12). 

Following this approach, Chevrot and co-workers applied 
a similar route and were able to separate the desired six- 
mem be red ring from its seven-membered isomer by chro- 
matography.^' 1 This 3 % 4-ethylenedioxythiophene methanol 
(EDTM; 12) was subsequently converted to the water-solu- 
ble sodium salt of the butanesulfonic acid-functionalized 
EDT (EDTS; 14) (2l] and into alkoxy-substituted EDT de- 
rivatives (lS,ltf), as shown in Scheme Capitalizing on 
this chemistry and the original report of unsubstituted 
ProDT (17), 19 l0 ' Reynolds and co-workers reported on sev- 
eral 3,4-alkylenedioxyihiophenes, including BuDT (18), 
ProDT-Me (19), and the interesting phenyl derivative 20J 17 ^ 

To expand the range of substituted 3,4-alkyienedioxy- 
thiophencs available for the preparation of conducting and 




R= C, 4 H»(I5) 
C, 6 HjjC1«) 

Scheme 3.SyiuhesU of sulfonamolkaxy. and ^Ikoxy-iuh<;tiiuied EDT deriv. 
nitves (20-22). 
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clcctroactive polymers, transcthcrification chemistry has 
been employed in monomer synthesis. 12 ^ This has proven 
especially useful for preparing derivatives where slcric in- 
teractions limit the utility of the double Williamson ether 
method for ring closure. In this manner, dialkyl derivatives 
of ProDT, including -CH 3t -QjHs, and -CgHn, and more 
complex ether pendants (22), have been prepared. m These 
polymers will provide special interest as the monomers are 
symmetrically derivatized and can provide regiosymmetri- 
cally substituted polymers that are sufficiently soluble to al- 
low spin-coating to continuous films. 

In developing a structural relative of EDT, Kanatzidis 
and co-workers reported the synthesis of 3,4-ethylene- 
dithiathiophene (EDTTi 23) starting from 3,4-dihro- 
mothiophene as outlined in Scheme 4, pe>1 Although the 
yields accessible using this method were low, this provided 
the only example of an ethylenedithio-b ridged thtophene 
that could be convened to an electroactive polymer. The 
later report of a high yield synthesis of 3.4-bis(isopro- 
pylthio)thiophcnc may provide another route to this family 
of polymers.* 271 




Scheme 4. Synthesis of 3.4-cthylenediihiaihiophene (EDIT. 23) [26]. 

A last structural relative of EDT worth mentioning is 
3,4-ethylenedioxypyrrole (EDP). This compound was first 
synthesized by Merz et alJ 2K) Due to its extreme electron 
richness, it easily oxidizes in air. Thus it has to be stored un- 
der argon at low temperatures; if not. it spontaneously 
polymerizes within a short time. Recently, Reynolds and 
co-workers reported the larger ring analogues of EDP.* 201 

Characterization of EDT and its derivatives is relatively 
straightforward using all of the standard methods of mo- 
lecular characterization. One fascinating aspect of EDT 
derivatives relates to their physical state, i.e M are they liq- 
uid or solid? As mentioned before. EDT is a colorless liq- 
uid; however, most of its derivatives are solids (e.g.. 
EDTM J** EDTS, and ProDT). This simplifies their purifi- 
cation—crystallization as opposed to distillation or column 
chromatography. Furthermore, it enables the structural 
characterization of single crystals by X-ray crystallogra- 
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2.2. OJigo(3,4-ethylcnedioxythiophene)s and Related 
Co-Oligomers 

Oligo(3 1 4-ethylcncdioxythiophcnc)s are quite difficult to 
prepare due to their low oxidation potentials. To date, only 
the dimer, 2,2'-bU(3,4-ethylenedioxythiophene) (bis-EDT; 
Uf 2 ^ and the trimer 2,2':5^-ter(3.4-ethylenedioxythio- 
phcnc) (ter-EDT: 25)^ have been isolated. In a one-pot 
synthesis, dimer 24 was prepared by selective a-lithiatton of 
EDT using "BuLi, followed by oxidative coupling using 
CuCl 2 (Scheme 5a); trimer 25 was obtained via a Kumada 
cross-coupling reaction (Scheme 5b). Due to their low oxi- 
dation potentials both oligomers oxidatively polymerize 
quite efficiently. The trimer even requires storage under an 
inert atmosphere at low temperature in order to prevent 
spontaneous polymerization. 

In addition to bis-EDT 24 and tcr-EDT 25, p,<1 the Rey- 
nolds research group has focussed studies on a series of bis- 
EDT-arylcnc multi-ring monomers (26) to pro- 
vide polymers having a broad range of redox, 
optical, and elcctrochromic properties. A repre- 
sentative set of these arc shown in Scheme 6 as 
synthesized via Kumada or Negishi cross-cou- 
pling reactions.** 0 * 1 

These same concepts have been applied by 
others for the preparation of co-oligomcrs 
based on EDT Zhu and Swager reported on 
the synthesis of 5^'-bis(3 ) 4-(ethylenedioxy) 
thien-2-yl)-2,2'-bipyridine 27 and 5,5'- 
bis(3.4:3',4 / -bis(cthylcncdioxy)[2 1 2'-bithiophcn]- 
5-yl)-2,2'-bipyridine 28 using the Stille coupling 
methodology.^ These two compounds have 
the ability to complex metal ions at the bipyri- 
dine unit, putting the metal ions in direct elec- 
tronic communication with the conjugated 
backbone.' 371 Metal-containing monomers have 
been reported using A/",A/'-ethylene-bis-(salicyli- 
denimine)- or salen -based bis-EDT oligomers^ 
(29), the tetrafulvalene-substituted dimer SO}*** 
as well as the donor-acceptor system 3L t4flJ The 
latter system has proven especially interesting 
for the preparation of low bandgap polymers. 
Using this same concept, cyanovinylcnc-linkcd 
EDT oligomers 32 and 33 were prepared via a 
Knoevenagel condensation as donor-acceptor 
systems.' 411 Combining the electronic benefits of 
EDT with the potential processability of an al- 
kyl thiophene, Buvat and Hourquebie synthe- 
sized a dimer and trimer based on a combina- 
tion of EDT and 3-octyUhiophene.^ Finally, 
Zotti ct al. reported on the bis-EDT-acetylene 
oligomer, 1 ** 1 whereas Cava and co-workers pre- 
pared several EDT-bascd oligomers using Wit- 
tig and Stille reactions.' 44 ) 



1) />-BuU 

2) CuCJ a 



2) MgBfj.EtjO 

3) 2.6-dlbr©mo.EDT 
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Scheme 5. Synthesis nf: a) 2.r.bi^3Aeihylencdioxylhiophcne) (24) [32.33]: 
b) 2XSX- lcT(3,4-eihylcn«Iio.tyihiophencJ (25) [34]. 
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Nl- or Pd-eaL 



M-Z*CI.M«Dr 
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QtlgpotltCT 



-0- ^xy^xxc 

-'- -0- jCX 

Scheme k AmhoJogy of his-EDT-nrylene co-o I igomers (26) ns prepared by 
Kumudti nnd Negishi coupling reactions [34,36]. 

As with some of the single ring monomers 5-23. the multi- 
ring monomers 24-33 have been structurally analyzed. 
Furthermore, several oligomers have been characterized by 
X-ray crystallography. [36] These results demonstrate the 
subtle interplay between steric and electronic properties as 
the conjugated systems tend towards planarity with torsional 
interactions induced between rings by subsiituents of suffi- 
cient size. To the best of our knowledge, the EDT-containing 
oligomer 34 shown in Figure 2 represents the longest species 
reported to date. Interestingly, single crystals of 34 arc quite 
planar with a deviation of only 4° observed using X-ray crys- 
tallography. 1 " 1 




Fig. 2. X-roy crystal structure of oligomer 34 [45J. 

UV-vis spectroscopy of oligomeric EDT derivatives be- 
comes more interesting with increasing conjugation length. 
Unfortunately, only very few data have been published to 
date using this characterization method. Table I shows a 
list of different oligomers, mostly bix-EDT derivatives, and 
their absorption maximum. 



Table 1. UV-v« data of neutral oligo-EDT compound* (Ph c phenyl; Th » 
ihienyl: F * furanyl: Carb - carbazoyl; ThPy = thicnopyrazinyl). Solvent is 
CHCU unless otherwise indicated 



Oligomer 


Absorption maximum 




(nmj 


EPT-EDT (24)132| 


320 


EDT-EDT-EDT(25)[W.^61 


100 


BDT-Ph-EDT (2<)(306] 


344 


EDT-Ph-Ph-EDT(2€) [34,36] 


342 


EDlVni.BDT (26) [X36] 


374 


EDT-F-BDT (26)134.36] 


362 


EDT-CH-CH-EDT (26) |34.36j 


359 


EDT-ThPy (31) [40] 


456 [a| 



[a] Solvent not mentioned. 

Examination of the oxidation potentials (E P in volts vs. 
Ag/Ag + ; note that all further electrochemical potentials are 
referenced to this) of EDT (5), bis-EDT (24), and ter-EDT 
(25), shows a linear relationship between E p and the recip- 
rocal number of EDT units: 1.1 V, 0.5 V, and 0.15 V, re- 
spectively. Extrapolation to an infinite number of EDT 
units gives an oxidation potential of -0.2 V for an infinite 
chain; the latter correlates well with the experimentally 
measured value determined for PEDT. 1 " 1 EDT and its de- 
rivatives electropolymerize efficiently to form electrode- 
supported films; under the proper conditions, free-standing 
films can be obtained. 



13. Poly(3,4-ethylenedioxythiophene)s 

The synthesis of PEDT derivatives can be divided into 
three different types of polymerization reactions: 

• Oxidative chemical polymerization of the EDT-based 
monomers. 

• Electrochemical polymerization of the EDT-based 
monomers. 

• Transition metal-media ted coupling of dihalo deriva- 
tives of EDT. 

2.3.1. Oxidative Chemical Polymerization ofEDT-Based 
Monomers 

Chemical polymerization of EDT derivatives can be car- 
ried out using several methods and oxidants. The classical 
method employs oxidizing agents such as FcC\y or 
Fc(OTs)j. (401 Considering EDT itself, this method results in 
a black, insoluble and infusible compound, PEDT, that is 
difficult to characterize. However, as will be discussed in 
Section 3 below, this method can yield substrate-supported 
films with potentially useful electrical and optical proper- 
tied 1 * 7 ^ 

Chemical polymerization of alkylated 0 w 7,491 or alkoxy- 
lated (22) EDT derivatives (R £ Cj&Hji) results in regio-ran- 
dom PEDT derivatives that are soluble in common organic 
solvents such as CHQ 3 , CH 2 C1 2 , and tctrahydrofuran 
(THF). As a result these polymers can be charactered 
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using standard structural methods; for example, gel per- 
meation chromatography (GPC) determined M w values for 
a PEDT-CiaHjd range from 10000-25000 g/mol (vs. poly- 
styrcnc standards). Kumar and Reynolds demonstrated 
that by increasing the [FeCIs]/[monomer] ratio to greater 
than two in the polymerization of EDT-CmH29, a fraction 
of the polymer becomes insoluble in organic solvents, 
which may be due to crosslinking. 1 ' 61 At [FeCljJ/[monomer] 
ratios greater than or equal to five, a fully insoluble poly- 
mer is formed. 

A second polymerization method of EDT has been re- 
ported by de Leeuw et al. 1501 Utilizing Fe u, (OTs).i at ele- 
vated temperature in combination with imidazole as a base 
(Scheme 7), resulted in a black insoluble and infusible 
PEDT film that, after rinsing with water and n-butanol, ex- 
hibited conductivities of up to 550 S/cm. fsl1 



9 



Q 




Scheme 7 Che mien I polymeriwition of EDT us developed by dc Ucuw el 
nl. [50). 

The third, and most practically useful, polymerization 
method for EDT is the so-called BAYTRON P synthesis 
that was developed at Bayer AG. [tu;1 This method uti- 
lizes the polymerization of EDT in an aqueous polyelec- 
crolyte (most commonly PSS) solution using NajSjOA as 
the oxidizing agent. Carrying this reaction out at room 
temperature results in a dark blue, aqueous PEDT/PSS 
dispersion, which is commercially available from Bayer 
AG under its trade name BAYTRON P (Scheme 8). An 
interesting aspect of BAYTRON P is that after drying, 
the remaining PEDT/PSS film is highly conducting, trans- 
parent, mechanically durable* and insoluble in any com- 
mon solvent. 




SO" SO,H S0 3 H S0 3 H SOj S0 3 H 




Scheme 8. PEDT/PSS blend (BAYTRON P) 



0. O 



BAYTRON P was initially developed for antistatic appli- 
cations in the photographic industry. Nowadays, however, 
it serves as a multi-purpose conducting polymer blend for 
scleral applications (see Sec. 4). As a result it is available 



in different grades (e.g., BAYTRON P EL (VPAl 4083) 
corresponds to the electronic grade of BAYTRON P that 
has been developed specifically for light-emitting diode 
(LED) applications). 

While soluble alkylated PEDT derivatives (R 2 Ci a H 2 i) 
allow standard "solution" characterization techniques to be 
utilized, the insoluble PEDT and PEDT/PSS derivatives 
preclude molecular characterization lo a gjcat extent. 
Based on electronic and vibrational spectroscopy it can be 
determined that both compounds are conjugated species 
that are easily oxidized due to their electron-rich character, 
however, detailed structural features such as their molecu- 
lar weight, polydispersity, and their end-groups remain un- 
clear 

An important contribution to the structural characteriza- 
tion of PEDT was presented by Inganas and co-workers, 
who were the first to propose a structural model for tosy- 
latc-dopcd PEDT.^ Using de Leeuw's chemical method 
extended to a surface-confined polymerization,^ 1 * ihcy pre- 
pared thin PEDT films that were subsequently studied with 
grazing incidence X-ray diffraction using synchrotron radi- 
ation. From these studies they concluded that the material 
is very anisotropic and that there is a limited crystalline or- 
der in these thin films. Furthermore, they have evidence for 
a para-crystalline state with small para-crystalline regions. 
The same group also studied PEDPs electronic structure 
by X-ray and ultraviolet photoelectron spectroscopy,^ as 
well as by spectroscopic ellipsometry. ,S11 These results sug- 
gest that PEDT prepared in this manner can be seen as an 
anisotropic metal. 

2.3.2. Electrochemical Polymerization of EDT Derivatives 

Another especially useful polymerization method utilizes 
electrochemical oxidation of the electron-rich EDT-based 
monomers. This method stands out as it requires only small 
amounts of monomer, short polymerization times* and can 
yield both electrode-supported and free-standing films. 

In the case of EDT itself, electrochemical polymerization 
results in the formation of a highly transmissive sky-blue, 
doped PEDT film at the anode. f4M<1 A variety of electro- 
lytes are compatible with EDT-derivative polymerization, 
including poly electrolytes, as was nicely demonstrated by 
Wernet and co-workers, 15 ^ or using an aqueous micellar 
medium. 120 * 361 Similarly, substituted (alkylated, alkoxylated, 
alkylsulfonated, etc) EDTs can be polymerized electro- 
chemically, as well as combinations of different mono- 
mers. 1 



A slightly modified electrochemical polymerization 
method, electrochemical desilylation. uses ct.co-disilylatcd 
EDT-based monomers.^ This method, which is based on 
the loss of a trimethylsilyl (TMS) group, leads to polymers 
having the same nominal repeat unit as that obtained from 
polymerization of the parent monomers. Two benefits 
stand out in using bis-TMS-derivatized monomers. First, 
the films formed adhere more strongly to oxide-based eleo 



Adv. Mater. 2000, 12, No. 7 



© WILEY.VCH Verlag GmbH. D-69469 Weinheim. 2000 0935-9648/00/0704-04*7 $ 17.50^.50/0 



487 



JUN 24 2003 10:30 FR BAYER-PGH LIBRARY 412 777 2758 TO 2612 



P. 09/25 




L Croenendaal et a/./Poly(3,4-ethylenedioxythiophenc) and Derivatives 



trodc surfaces (indium tin oxide (ITO), Au, etc.) giving 
them enhanced switching properties. In addition, as more 
complex and larger multi-ring monomers arc prepared, 
TMS derivatization increases their solubility greatly, there- 
fore, improving their polymerization characteristics. 

2 J. J. Transition Metatr-Mediattd Coupling of Dihalo 
Derivatives of ED T 

Many thiophene-based polymers have been prepared 
over the years using transition metal-catalyzed coupling of 
activated organometallic derivatives^ Yamamoto et al. re- 
cently applied this methodology to the direct formation of 
neutral PEDT.* 58 ' Though this method yields materials with 
low molecular weight, it may prove especially interesting 
when it is applied to monomers with solubilizing side groups. 

Z4. Copolymers Based on3,4-EthylcncdloxythJophcnc 

Copolymers based on EDT can be prepared using both 
chemical and electrochemical polymerization routes. The 
bis-EDT-arylene derivatives mentioned above have mostly 
been polymerized electrochemicallyj 36 - 391 Concerning the 
chemically polymerized copolymers, there are several dif- 
ferent methods, ranging from the standard FeCls type to 
the metal-mediated cross-coupling methodology/ 49,6 ^ Of 
special note in the preparation of hybrid-type EDT-based 
polymers is the work by Elsenbaumer and co-workers, who 
applied the precursor polymer route to poly(EDT-vinyl- 
ene)s l * ,] These vinylene polymers exhibit slightly reduced 
bandgaps relative to PEDT itself due to relief of the inter- 
ring steric interactions. To date, little has been done to ex- 
ploit the synthesis of true A-B copolymers based on EDT 
units. This promises to be an area of extensive research in 
the future, 



3. Properties of PEDT Derivatives 

Examining the range of polymers that have been ac- 
cessed using the PEDT building block, one is struck by its 
synthetic flexibility and utility. Its highly electron-rich na- 
ture plays a profound role in the optical, electrochemical, 
and electrical properties of the resultant polymers. The con- 
ducting form of PEDT stands out for its high degree of visi- 
ble light transmissivity and concurrent environmental sta- 
bility, 'Which is important for industrial applications. EDT 
polymerizes rapidly and efficiently, leading to highly elcc- 
troactive PEDT films that adhere well to typical electrode 
materials and have a low oxidation potential, which pro- 
vides for facile, long-term electrochemical switching. As il- 
lustrated by the many derivatives shown above, PEDT pro- 
vides materials with a range of bandgaps. yielding films 
having colors over the entire spectral range. Here, we ad- 
dress the properties of the neutral state, followed by the 



oxidatively doped and conducting forms, and finally address 
the redox switching properties of PEDT and its derivatives. 



3X Neutral PEDT and Derivatives 

PEDT exhibits an electronic bandgap, defined as the on- 
set of the re-** absorption, of 1.6-1.7 eV and a X mbX ot ca. 
610 nm, making it deep blue in colorJ 1 ^ Due to its low oxi- 
dation potential, thin films of neutral PEDT must be 
handled carefully as they oxidize rapidly in air. Solutions of 
the alky] derivatives (9J0), prepared via oxidative poly- 
merization, are sufficiently stable to allow molecular and 
rnacromolecular characterized on J 1 " 1,1 *' mentioned earlier. 
These solutions show an absorption onset at 1.8 cV and a 
A mw at 575 nm (2.15 eV) since the polymer is more confor- 
malionally disordered than in the film form. The soluble 
PEDT derivatives can be solution processed by casting and 
spraying methods. Due to the air instability of these neutral 
PEDT derivatives, handling under an inert atmosphere is 
required. Ultimately, the development of organic-soluble 
conducting forms of PEDT materials will prove especially 
useful. 



3a. Bandgap Control In PEDT and Derivatives 

The synthetic flexibility of EDT, coupled with its recent 
commercial availability as BAYTRON M has made it an 
excellent component for variable-bandgap conjugated 
polymers. In general the electronic bandgap of a conju- 
gated chain is controlled by varying the degree of ^-overlap 
along the backbone via steric interactions, and by control- 
ling the electronic character of the jt-system with electron- 
donating or accepting substituents. The latter is accom- 
plished by using substitucnts and co-repeat units that adjust 
the highest occupied molecular orbital (HOMO) and low- 
est unoccupied molecular orbital (LUMO) energy levels of 
the n-system. A broad family of EDT-based polymers has 
been prepared with higher energy gaps than the parent 
PEDT. By using a series of oxidatively polymerizable bis- 
EDT-arylencs (26*), polymers with bandgaps ranging from 
1.4-2.5 eV have been prepared. As such, neutral polymers 
with colors ranging from blue through purple, red, orange, 
green, and yellow have been made available. This is Illus- 
trated in Figure 3, which shows the rainbow of colors possi- 
ble in PEDT derivatives. 

To demonstrate bandgap control a few of the examples 
reported include spacers of vinylene (£ g = 1.4 eV), 2,5-di- 
alkoxyphenyiene (E s = 1.75 to 2.0 eV), biphenyl (£ K = 
2.3 eV), dialkylfluorene (£ g = 2.3 eV), and carbazole (E s = 
2.5 eV), proving the versatility of this method. 

In addition. EDT has been used as a component in com- 
plex monomers that can provide polymers with bandgaps 
lower than that of the PEDT parent. For example, mono- 
mer 33, having a cyano vinylene (CtfV) acceptor unit as a 
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Fig. 3. Photograph of variable bandgap EDT-bnsed copolymers* demonstnu- 
ing (he range oC accessible colors. 

conjugated spacer between two EDT units* yields a polymer 
PBEDT-CNV (where the B in PBEDT stands for bis) with 
an E B of approximately 1.1-1.2 eV. Further work using a do- 
nor-acceptor methodology has led to bis-EDT-pyridine 
polymers that can be both p- and n-type doped and provide 
for multi-color (three-state) electrochromism. [62 J Especially 
low bandgap polymers have been prepared by combining 
the electron-rich EDT unit with a thienopyrazine unil, 
which also has the possibility of being n-type doped.*' 0 * 



3.3. Conducting Properties of PEDT and Derivatives 

Using the Bayer oxidative polymerization process in so- 
lution, a surface-confined chemical polymerization method, 
and concurrent clcctropolymcrization/dcposition methods, 
PEDT is prepared in its more stable doped and conducting 
form. Films cast from the aqueous PEDT/PSS solution 
(BAYTRON P) have a high degree of mechanical integrity 
with conductivities ranging between 1 and 10 S/cm. These 
films are highly stable and can be treated for up to 1000 h 
at 100 °C with no change in conductivity, 191 These proper- 
ties, coupled with PEDT/PSS's high level of transmissivity 
of visible light has led to its use as an antistatic material in 
photographic film applications, as detailed in Section 4.1. 

One method of enhancing the properties of clectroactive 
polymers, while simultaneously preparing useful materials, 
is through polymer blending. For example, poly(aniline 
camphor sulfonic acid) (PANI-CSA) blends with poly 
(methylmethacrylatc) (PMMA) and nylon exhibit quite 
high conductivities (1-10 S/cm) at relatively low (ca. 1 %) 
loading levels of the conducting polymer in the hostJ" 1 
This high conductivity is attributed to the formation of a 
continuous network of the conducting polymer, which is 
phase separated from the host. These concepts have been 
extended to PEDT/PSS blended with polar host polymers 
(e.g., poly(vinylpynrolidone) (PVP))J 64J In this instance, as 
illustrated in Figure 4, treatment of the blend with a biva- 
lent metal (e.g., Mg 2 *) leads to ionic crosslinking and en- 
hanced electrical properties at quite low (less than 10 %) 
loading levels. In addition, the use of crystallization-in- 
duced phase separation between PEDT/PSS with poly- 
ethylene oxide) has been shown to form blends with con- 
tinuous domains of PEDT/PSS, which exhibit higher con- 




40 60 
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Fig. 4. Conductivity of PEDT/PSS/PVP bienda at different composition*, 
untreated (O) and troaied (•) with 0.25 M nq. MgSOa notation (fa J. 



ductivities when compared to blends prepared with amor- 
phous host polymers.^ 5 * Conducting polymer blends may 
prove useful, especially in applications where concurrent 
control of optical and electronic properties arc required. 
An example of this are cladding layers in electro-optic de- 
vice structures. Blends of PEDT/PSS with poly( vinyl alco- 
hol) have been used to provide a large effective poling field 
across a nonlinear optical (NLO) active layer, which is re- 
quired for dipole orientation.^ 

Using electrochemical polymerization methods, careful 
control of polymerization conditions (concentration, tem- 
perature, electrode materials, etc) allows the preparation 
of free-standing PEDT films using a variety of dopant an- 
ions.^ The conductivities of these films are found to be a 
function of the nature of the dopant anion with room-tem- 
perature conductivities typically ranging from 10°-10 2 S/ 
cm. Use of PF$" as the dopant countcrion has provided 
especially interesting materials with high room-tempera- 
ture conductivities (300 S/cm) and a temperature depen- 
dence of conductivity, which suggests the material is on the 
metallic side of the mctal-to-insulator transition. 

Use of polymeric electrolytes can also lead to PEDT 
films via clcctropolymcrization and chemical polymeriza- 
tionJ 556Rj In fact, films up to 20 m in length were prepared 
using a rotating stainless-steel anode. PEDT films doped 
with sulfated poly(/?-hydroxycther) (PEDT/S-PSE) exhibit 
excellent mechanical properties imparted by the polyclcc- 
trolyte dopant with concurrent high conductivities in the 
range of 150-180 S/cm. Conductivities as high as 400 S/cm 
are reported when using a bis-trifluoromcthyl-func- 
tionalized sulfated poly(/Miydroxyether), while the use of 
more flexible polymeric dopants led to films that could be 
elonpted between 80 and 110% when heated. In the fu- 
ture, promise for PEDT films with enhanced properties is 
held as a deeper understanding is gained of polymer/ion in- 
teractions (e.g., the use of surfactant dopant ions' 671 ) and 
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the effect of synthetic conditions on polymer structure, in- 
cluding molecular weight. 



3.4. Electrochemistry of PEDTand Derivatires 

The combination of an especially low oxidation potential 
and a relatively low bandgap gives PEDT some unique 
electrochemical and spectroscopic properties not aocessible 
in other polymers. As the bandgap is located at the transi- 
tion between the visible and near-IR regions of the spec- 
trum, PEDT is strongly cathodically coloring and much 
more trans missive to visible light (sky-blue transparent) in 
the doped and conducting state than it is in the reduced 
state (deep bluc).^ The polymer exhibits a relatively 
broad cyclic voltammetric response with an E }a of about 
0.0 V vs. Ag/Ag* when being cycled between doped and 
undoped states, which could also be characterized by Ra- 
man spectroscopy. 171 ! One interesting observation is that 
PEDT can be electrochemically switched without the use 
of a conducting electrode support. Chemically deposited 
films were found to switch efficiently between doped and 
undoped states when the films were prepared on insulating 
polyester sheets. ^ 

Examination of the spectroelectrochemical series for 
PEDT shows the evolution of a very strong near-IR and 
mid-IRj 73 ! absorption as the polymer becomes conducting 
that tails strongly into the visible region. This tailing is found 
to be repressed in alkyl-substituted PEDTand PProDT de- 
rivatives, which greatly enhances the transmissivity of the 
conducting form of these polymers and increases the elec- 
trochromic contrast accessible with the films, as illustrated 
by Figure 5 for PProDT-Me,. 115 - 23 -^ At the same time, 
these derivatized PEDTs exhibit especially fast (sub-sec- 
ond) switching times for the large optical changes being at- 
tained. 




Fig 5. SpcciroclcctrochcmiBtry of PProDT-Me ; . 

By incorporating PEDTand other EDT-based polymers 
into solid-state electrochemical cells, it was shown that 
electrochromic devices were possible with relatively small 
switching voltages (1.5 V), thus enabling possible applica- 



tions in smart windows.* 7 ** By using a dual polymer device 
construction, it was then shown that a range of colors could 
be accessed and devices with substantial clcctrochxomic 
contrasts could also display sub-second switching times. 1751 
These latter devices are self-sealing to prevent ambient ex- 
posure and, as the EDT polymers have such excellent re- 
dox properties, tens of thousands of deep double switches 
could easily be attained. 

At the present time, the PEDT family of polymers is re- 
ceiving a significant amount of attention as an electrode 
material for a variety of applications. One of the most prev- 
alent of these has been as a conducting buffer between the 
optically transparent JTO and the light-emitting or hole- 
transporting materials in organic and polymer LEDs.* 7 * 1 
PEDT has been used to improve the charge transfer rates 
between an electrode and a redox couple in photoelectro- 
chemical cells.^ Studies of PEDT electrochemistry in 
phosphate buffers show an especially high level of stability 
when compared to polypyrrole, suggesting that this family 
of polymers may also prove useful in biosensors and other 
applications using biological media.' 79 ' 



4. Present and Future Applications for 
Poly(3,4-ethylenedioxythiophene) Derivatives 

As made obvious by the many interesting properties ac- 
cessible by PEDT and its derivatives, the applications for 
these polymeric organic conductors will be wide -rang- 
ing. f * J21 Here we focus on those applications that have 
come to fruition in the commercial world. Specifically, we 
address its use as an antistatic coating on plastics, taking 
the coating of photographic film as an example, and its use 
as an electrode in solid electrolyte capacitors as two areas 
to be described in detail. Other applications will be sum- 
marized with literature references. 



4 J. Antistatic Treatment of Plastics Using PEDT/PSS 

Plastics tend to undergo static charging in dry air as a re- 
sult of friction. Walking over synthetic carpeting can create 
a charge of up to several thousand volts, which is dis- 
charged when, for instance, a door handle is touched. The 
same effect is observed in the production and processing of 
photographic films during fast winding if these have not re- 
ceived antistatic treatment. The discharges occur with a 
flash of light, pre-exposing the film and making it unusable. 
Another field in which static charging must be avoided is 
the packaging of electronic components since present-day 
transistors and integrated circuits are irreversibly damaged 
by voltages in excess of 100 V. 

In order to prevent these effects from occurring in prac- 
tice, photographic films and packaging films for electronic 
components are given an antistatic treatment by increasing 
the conductivity of the plastic so thai charge can be climi- 
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natcd more readily or docs not build up in the first place. 
In most cases, a surface resistance of <10 9 CllU will ensure 
that a plastic is antistatic. 

Traditionally, films with surface resistances of <10 n Cl/O 
were obtained by coating the film substrate with ionic anti- 
static agents. The surface resistance of these coatings is 
highly dependent on the atmospheric humidity that pre- 
vails. In order to obtain a coating that will not be affected 
by atmospheric humidity, more recent developments have 
been directed to conducting polymers as antistatic agents, 
the ultimate goal being a transparent coating with a surface 
resistance of <10 K OJD. The latter should exhibit good 
technical properties and be environmentally friendly (e.g., 
avoid the use of organic solvents). 

As noted earlier, chemical polymerization of EDT in the 
presence of aqueous PSS yields a colloidal PEDT solution 
that is directly suitable for aqueous processing (see 
Sec. 2.3.1). [11 1 When 20 mg of PEDT/PSS/m 2 is deposited 
on a polyethylene tercphthalatc film, a surface resistance 
of 10* Cl/D is attained with an optical density of <0.01. In 
these coatings, the surface resistance is relatively indepen- 
dent of the atmospheric humidity and stability tests showed 
that PEDT/PSS is considerably more stable to hydrolysis, 
light, and temperature than other conducting polymers. 
These properties successfully meet the requirements for an 
antistatic layer for photographic film and has led to the an- 
nual multi-ton production of PEDT/PSS by Bayer AG. 
More than 100 million square meters of photographic film 
are coated in this way every year. 

It should be noted that, apart from the antistatic treat- 
ment of photographic films, PEDT/PSS coatings can also 
be used for the antistatic treatment of other plastics,^ as 
well as glass. Through the addition of appropriate binders, 
suitably coordinated with the particular substrate used, it is 
possible to achieve transparent to slightly gray coatings 
with ^surface resistance ranging between 200 and 10 7 
suggesting that this material may prove useful in many 
other applications. 



42. PEDT as an Electrode Material for Solid Electrolyte 
Capacitors 

A second application for PEDT derivatives is their use 
as electrodes in solid electrolyte capacitors, as illustrated 
schematically in Figure 6.^ 

To prepare these capacitors, the surface of an aluminum or 
tantalum electrode is roughened by etching or metal powder 
is sintered, in order to attain a high surface area electrode 
with a high capacitance, A thin film of metal oxide, which 
will serve as a dielectric, is subsequently applied to the elec- 
trode by anodization. A counter- electrode is finally applied 
to complete the capacitor. In the preparation of conventional 
capacitors, this last step is performed by multiple impregna- 
tion^ 11 with manganese nitrate solution and subsequent py- 
rolysis to form electrically conductive manganese dioxide. 



Te 2 0, 



Epo*y re»ln 




Fi& 6. Scl-up of o PEDT-coaicd Ta/I^O.* capacitor. 

As multiple steps are necessary to apply the manganese diox- 
ide, and its conductivity is too low to yield capacitors with 
good high-frequency properties, numerous attempts have 
been made to replace manganese dioxide by organic materi- 
als wilh higher conductivities, that are easier to apply. For 
this purpose Bayer AG developed a process using PEDTand 
a simple impregnation step as opposed to pyrolysis or elec- 
trochemistry.^ In this new process, a solution of EDT and 
an oxidizing agent arc coated onto a tantalum oxide-coated 
tantalum foil. Once the solvent has been evaporated the 
EDT polymerizes* directly forming a countcr-cicctrode of 
conductive PEDT. The capacitance of such capacitors is 
comparable lo that of similar liquid electrolyte capacitors, 
but the high-frequency properties are considerably betterJ u l 



43. Other Applications for PEDT Derivatives 

Besides the above-mentioned applications, PEDT-based 
polymers are currently, and will in the future be, applied in 
many other applications. Examples are through-hole plat- 
ing of printed circuit boards,^ antistatic coatings for cath- 
ode ray tubes to prevent dust attraction/ 855 primers for 
electrostatic spray coating of plastics. 1 * 6 * hole-injecting 
layers on ITO substrates for organic electroluminescent de- 
vices.* 76,871 transparent electrodes for inorganic electrolumi- 



nescent devices (ITO replacement), ,8BJ sensors, 1 ™' 1 re- 
chargeable batteries, cathode radiation tubes (CRTs). 1 ™ 1 
photodiodesj 911 electrochromic windows^ 4 ' 7 *'* 21 corrosion 
protection/ 93 * membranes for the preparation of 4rc beta 
radioactive sources/ 9 ^ and photovoltaic devices/ 951 Of ut- 
most importance, these examples show that PEDT is one 
of the few organic conducting polymers that has success- 
fully found its way from a laboratory curiosity into multiple 
technical applications. 



5. Conclusion 

The research and development efforts of the past ten 
years have quickly brought PEDT to the forefront of the 
field of conducting polymers. Tls properties, being its high 
conductivity in combination with excellent stability, a rela- 
tively high transparency to visible light, and aqueous pro- 
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cessability of the PSS-doped form, have allowed the mate- 
rial to now become industrially useful. As a result PEDT 
and PEDT/PSS have found their way into several current 
applications, including as an antistatic material In photo- 
graphic film, an electrode material in capacitors, and as a 
conducting layer in through-hole plating. The synthetic 
chemistry of EDTand its derivatives provides a high level 
of structural flexibility, which allows the properties of the 
resultant polymers to be varied greatly. We foresee many 
other applications being developed in the future specifi- 
cally because these homo- and co-polymeric analogues will 
have.. carefully designed structure-property relationships. 
One important factor to consider in the acceptance of 
PEDT as a commercially useful material is its cost. Due to 
the lower price of pyrrole and aniline relative to EDT, 
polypyrrole and polyaniline can be produced in bulk, or as 
coalings, at a lower price to the consumer. Efforts are un- 
derway to reduce the cost of EDT through new chemistries 
and scale-up reductions using the present process. As this 
happens, even more applications will emerge, enabling 
PEDT and its analogues to maintain their position as the 
world's most applied conducting polymer. 
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